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NATTONAL, ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FLIGHT MEASUREMENTS OF SECTION EFFICIENCY,
THRUST, AND POWER OF A SUPERSONIC-TYFE
PROPELLER AT MACH NUMBERS TO 0.9

By Jerome B. Hammack and Thomas C. O'Bryan
SUMMARY

Flight tests have been msde on & supersonic-type propeller designed
for a forward Mach number of 0.95, advance ratio of 2.2, and power
coefficient of 0.26. Power and thrust distributions and section effi-
ciency were determined over a range of forward Mach numbers to 0.9 in
level flight.

At an advance ratio of 2.2, forward Mach number of 0.9, and power
coefficient of 0.21, blade-section efficiencies were measured to be a
maximum of 83 percent. Measured thrust distributions are of uniform
shape with no thrust breakdown apparent. These features are generally
assoclated with efficient operation. Power distributions which show
sectlion power absorptlon gre alsc presented.

INTRODUCTION

A flight test program to study the operation of & series of pro-
pellers under representative conditions extending from zero to near-
sonic Torward Mach numbers has been initiated as a joint Alr Force-Navy-
NACA effort. The purposes of the progream are to study problems which
are not adaptable to wind-tunnel research, to evaluate the effects on
the serodynamic characteristics of design compromises necessary to
obtain serviceable flight installations, to verify results of tunnel
and theoreticel investigations, and to explore and define (through
actual flight experience) problems which may be studied in detail by
subsequent ground research.

The tests reported herein are concerned with the problem of the
effect of design advance ratio on the characteristics of propellers




2 Jisnans NACA RM L55I21

intended to operate at high-subsonic (0.95) flight Mach numbers. The
blades are designed for an advance ratio of 2.2 and are of the super-
sonic type, characterized by the fact that all sections operate at super-
sonlc resultant Mach numbers 1in order to attain an optimum advance angle
for maximum profile efficiency. The phllosophy behind the supersonic-
propeller-design concept has been described 1n several reports, for
example, references 1 to 3, Very little flight experience is presently
available on this type of propeller and considerable interest centers
around the guestion of whether flight efficiencies comparable with pre-
dicted efficiencies are available. These propeller blades are considered
to represent the best current practice in achieving a compromise between
aerodynamic and structural considerations in order to obtain adequate
service capebilities.

The propeller research vehlcle used for the program is a McDonnell
XF-88B airplane modified by installation of a turboprop engine in the
nose. The propeller research vehicle is instrumented to provide both
force-test data end slipstream-survey data. The survey data provide
‘information relative to section operation, that is, the radial distri-
bution of power absorption, thrust, and section efficiency. This 1s the
first time that section efficiencies have been measured on a supersonic-
type propeller. Because of the generally accepted uncertainty of the '
performance of propellers in transoniec flight, this paper is being pre-
sented to show section efficlencies measured in flight under these
conditions. Difficulties with the force-measuring system preclude inclu-
sion of total-efficiency data in the present paper.

SYMBOLS
A aree of propeller disk, sq ft
b blade chord, ft
cp specific heat at constant pressure, 6006 ft-1b/slug/°F
Cp propeller power coefficient, P

pn.5D5

D propeller diameter, £t
£ acceleration due to gravity, 32.2 ft/sec2
H total pressure, lb/sq ft

Pav;| total-pressure rise in slipstream, 1b/sq ft
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blade thickness, ft
propeller advance ratio, V/nD
free-stream Mach number

propeller-tip Mach number

h
J
M
My
M, blade section Mach number at design forward Mach number of 0.95
n propeller rotational speed, rps

P power, fi-lb/sec

ap incremental power, ft-lb/sec

4aHp incremental horsepower, dP/550

P

static pressure, 1lb/sq ft

Rg perfect gas constant, 53:3

r radius of an element on blade

rg radial dimension to survey measurement

R propeller radius, ft

T thrust, 1b

aT incremental thrust, 1b

A velocity, ft/sec

AV incremental velocity change of propeller slipstream, ft/sec
x=r/R

xg = rg/R

t free-stream static temperature outside propeller slipstreem,

OF absoclute

A8 stagnation temperature rise in propeller slipstream, o
B blade angle, deg
¥ ratio of specific heats, 1.4
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' propeller section efficiency

o density of air, slugs/ftd

Subscripts:

A local conditions
o free-stream conditions
s pertains to survey rake

TEST EQUIPMENT

Research Vehilcle

The propeller flight test vehicle is a McDonnell XF-88B airplane
modified by installation of a turboprop engine in the nose (fig. 1).
The test vehicle is capable of Mach numbers in excess of 0.9 in level
flight and capable of reaching supersonic Mach numbers in shallow dives.
The performance of the test vehicle is essentially independent of the
characteristics of the test propeller configuration. Generesl specifi-

cations of the test vehicle are as

Length, £ ¢« « &« ¢ ¢« ¢ ¢« o« ¢« o o
Gross welght, 1b « ¢« ¢« ¢ ¢ ¢ « « &«
Wing span, ft . « « « ¢ ¢« ¢« « « &
Wing area, 8q £t ¢« « ¢ ¢« ¢« ¢« ¢ ¢ &
Wing aspect ratio . ¢« « ¢« ¢« ¢« « &
Wing sweepback angle, deg . . . .
Primary power plants (two) . . . .

Propeller power plant .« « « o« o &

follows:

L L a - L - L] L] L L - L . L ] L] 58

s e e e e .. 22,200
« o s e s e . 39.7
. 350.0
e e s e s o » .49
35
. « J=34-WE 3% jet engines
with afterburners
. « o o XT-38-A-5

Propeller rotational speeds available, rom . . . . 1,700, 3,600, 6,000
Maximum allowable propeller diameter, £t « « « ¢« ¢« o ¢ ¢« o o« o & 10

The three propeller rotational speeds available are obtalned by inter-
changeeble gear boxes. In the tests reported on herein, the gear box

for 3600 rpm was used.

Instrumentation

Slipstream survey measurements.- A slipstream-survey rake was

mounted on each side of the airplane nose; the pressure probes were
located 0.6 propeller diameter downstream of the propeller plene; and

SR
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the temperature probes were located 0.7 propeller dilameter downstream.
Each survey rake consisted of a streamlined strut, on which were mounted
23 total- and static-pressure probes and 10 resistance-~-type total temp-
erature thermometers. The probes are alined on and parallel to the
propeller thrust axis. The locations of the pressure probes and ther-
mometers are presented in table I. A photograph of the instaellation is
shown in figure 2, and a sketch of a typical probe is shown in figure 3.

The total pressure and static pressure in the propeller slipstream
was measured by the individual survey probes, referenced to a probe
located sufficiently outboard as to be out of the influence of the slip-
stream. Teare values of pressure were measured in flight with a dummy
60° spherical spimner with the propeller removed. All pressure meas-
urements used in this peper for determination of efficiency were obtained
sufficlently outboard so that no tare corrections were necessary. The
slipstream-swrvey pressure system has an gppreclable time lag; however,
it was possible to obtaln the data of this paper in level filight so
that lag corrections were unnecessary.

The stagnation-temperature rise in the propeller sliipstream was
measured utilizing resistance bulb thermometers. The thermometers were
miniature versions of the bulb of reference 4 and otherwise differed
only in mounting of the resistance winding. The resistance winding was
wra:ped around & copper cylinder having 0.001-inch wall thickness.

The resistance bulbs were mounted on thin streamliined struts

ttached to the bottom of the right and left survey rakes, at 10 radial
locetions, in the propeller slipstream (fig. 3 and teble I). Two ref-
erence bulbs, one for each set of rake bulbs, was located underneath
the right wing of the airplane (outside the propeller slipstream). The
temperature measuring system incorporated a wheatstone bridge in which
the reference resistance bulb was balanced alternately with each of the
resistance bulbs on the survey rake. The difference in resistance between
the reference and rake bulbs was calibrated directly In degrees Faren-
heit for values of total stream temperature expected in flight and was
recorded on an oscillograph. In order to complete the system, another
temperature bulb was located alongside the reference bulbs to measure
free-stream total temperature.

Flight calibration of temperature system.- The recovery factor and
time lag at sea level of the temperature bulbs was determined from lab-
oratory calibration to be approximately 99.5 t 0.5 percent and 0.5 sec-
ond 2t a Mach number of O.77. A flight calibration of the system -
without a propeller installed was performed to determine difference in
recovery factor between the individual thermometers and the reference
thermometer. This calibration resulted in a temperature distribution
which deviated from zero as a result of the difference in recovery
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factor and difference in local Mach number at the various rake bulbs and
the reference bulb.

A typical radial distribution of temperature rise in degrees
Farenheit as a function of (rs/R)2 is shown in figure 4 for Mach num-

bers of 0.66 and 0.94. The temperature distortion indicated by the
inboard measurements (from (rs/R)2 = 0.7 inboard) is due to the wake of

the large 60° spherical spinner. This distortion results from the radilal
conduction of heat and 1s a usual phenomenon in s boundary layer where
the wall temperabure is higher than the static temperature. The extent
of this distortion is, however, very large. Measurements of temperature
rise in the inboard region have not been used in this paper for effi-
clency determination because of the difficulty in experimental deter-
mination of the effective recovery factor. The deviation of the
temperature measurements from zero has been considered as being due

to difference in recovery factor. The flight calibration was obtained
for Mach numbers up to approximately 0.80. The indicated recovery
factors were constant up to this Mech number snd were assumed constant
for all higher Mach numbers used in this paper. A further limitation

on the use of the temperature measurements, at the present time,
restricts its use to conditions where there 1s no apprecilable change in
temperature with time.

General airplane instrumentation.- The source of static and total
pressure for the airspeed system was a high-speed pressure tube mounted
one tip chord ahead of the right wing tip of the airplane. The impact
pressure and static pressure were recorded with a standard NACA airspeed
recorder. This airspeed system is accurate to 0.005 in Mach number for
Mach numbers up to 0.97.

Test Configuration

The test configuration consisted of three blades and a 60° spher-
ical spinner (figs. 1, 2, and 5). Blade-form curves are shown in fig-
ure 6. The propeller is 7.2 feet in diameter and is essentially a
0.6-scale model of a 12-foot-dizmeter propeller designed to operate at
an advance ratio of 2.2, forward Mach number of 0.95, and an altitude
of 40,000 feet. The power coefficient during the tests was approximately
0.21, which corresponds to about 80 percent of the design power coeffi-
cient of 0.26. These blades incorporate NACA 16-series symmetrical
airfoil sections. The solidity of the propeller is 0.154% at the
0.7 radial station.

The propeller was tested in conjunction with a spherical spinner.
This type of spinmer, in which the contour at the blade-spinner junc-
ture is sphericel, 1s used in the research program to obtain a mechan-
ically simple blade~spinner seal and to maintain an essentially



constant Juncture geometry under all conditions of operetion. The

spherical spinner produces high induced velocities in the plane of the
propeller (ref. 5), whereas the blades were designed to operate with a
spimmer producing relatively low induced velocities. In this respect,
therefore, the test configuratlon may not represent an optimum design.

Test Procedure

The tests reported on herein were obtained in level flight at
20,000 feet. The turboprop was alr-started at 5000 feet to aid in the
climb to 20,000 feet. The propeller was adjusted to govern at 3500 rpm
{(corresponding to 97-percent rated turbine speed) and turbine inlet tem-
perature set at 790° C to 800° ¢. This value of turbine inlet temperature
corresponded to near maximum operating conditions. The airplane was
accelerated to the maximum test Mach number of 0.9 by means of increased
main jet power and afterburner operation.

DATA REDUCTION
éection Power

Section power was determined from the stagnation temperature rise
and pressures in the slipstream by using the general energy equation:

P = cp(pAV;)a0 (1)

If an annulus element dA is considered and the mass flow arranged in
terms of quantities measured by the slipstream survey, the equation is

as follows:
psM
aP = cyp _%_._l_l 20 @A (2)
. "_-g.gvtz

M
= ol = e (3)
axs®  FYeRg i

or

In determination of mass flow, the free-stream static temperature
was used instead of local static temperature +;. The use of the free-

stream static temperature results in a maximm error of 0.5 percent.

The rake surveys a line in a plane of the slipstream that is not
exactly perpendicular to the slipstream because of the rotation. No
correction for this angulerity has been applied to the mass flow.
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Incremental power is considered to be sccurete to t5 percent as a result
of the assurptions involved in mass-flow determination and temperature
recovery factor.

Elemental thrust.- Elemental thrust was determined from measure-
ments of total-pressure rise in the slipstream in conjunction with free-
stream conditions. From reference 6 the equation for Incremental thrust
is

. { 1/0 /5 '
df = Tpg (ﬂjeﬁ -1 \H12/7 - sz/T) / - (HmE/T - Pwa/"(/\ / )
. P,

'::sz/T - P12/7)1/2 N CY

Under conditions of survey covered by this paper this equation.can
be reduced to the short-faorm equation, also found in reference 6,

A ~, -
dT = (E) AH dA i | (5)
R D '
or e \'}--.-/ :urﬁgx
5/7
dXEE 00

Section values of thrust were calculated by both short and long forms
and were found to agree within the accuracy of the measurements. Conse
quently, the section thrusts of this paper have been calculated by the
short~-form equation. As the totel-pressure probes are insensitive to
emall chenges in angle, the thrust calculaeted in this fashion does not
account for rotation of the slipstream. This correction, as was used
in this paper, is a function of the power and can be expressed as

\ o 12 2
Thrust correction - LoR/_ p{éﬁ (7
8r \nx

Section thrust determined from the slipstream survey is considered %o
be accurate to 2.0 percent; this accuracy results primarily from
Instrumentation and date-reducticn accuracy.
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Section Efficlency

Propeller efficiency is the ratio of thrust produced to power
absorbed times the true speed of the alrplizne. Section efficiency can
be determined from equetions (2) and (6) and the velocity of the
airplane.

AT /dx g2
! = __/_S_ Voo (8)
aP/dxg2

The section thrust and power for determination of section efficlency
must be the values that represent the same radisl element of the slip-
streem and represent the average of right and left survey measurements.
The thermometers are located farther downstream than the pressure probes
and the plen form of the fuselage nose has appreclable slope, as shown
In figure 7. As a result of this, it is necessary to shift the temp-
erature distribution outboard 0.05xs2 to represent the same section of

the slipstream. The section efficiency is considered to be accurate
to approximately +3 percent; this sccuracy is based primarily on the
accuracy of the thrust and power measurements.

RESULTS AND DPISCUSSION

Variations in section efficiency at & selected radial station,
advance ratio, and tip Mach number for forward Mach numbers up to 0.9
are shown in figure 8. The blade section efficiency at an Xg of 0.8
for a forward Mach number of 0.9 is 82 percent. At this polnt the
advance ratio is very nearly the design value of 2.2, the tip Mach num-
ber is 1.57, and the power coefficient is 0.21.

Thrust-distribution curves plotted as total-pressure rise against
xs2 for the blade design are shown in figure 9. These distributions
are of a smooth uniform shape and sre similar to those produced by an
efficiently operating subsonic propelier. There are no dips character-
istic of thrust breakdown experienced by subsonic-type propellers oper-
ating with tip Mach number in the region of Mach number 1.0. The
distributions in the inboard regions are complicated by the wake of the
large 60° spherical spinner. As reported in reference 5, the flow was
sufficiently disturbed by the dummy spinner so as to cause the sirplane
to buffet at Mach numbers™hbove 0.7l. Tare values obtained with the
dummy nonrotating spinner are shown to indicate a gualitative picture
of the spimner effects as measured by the survey rekes. These tare
curves indicate the presence of flow disturbances too large to permit
religble thrust messurements in this region.

<
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Tempersture distribution curves are shown in figure 10 for the
range of flight Mach numbers of the test. These curves are proportional
to the power distribution. From known engine operating conditions, the
power was estimated to be approximately 1800 horsepower. This power cor-
responds to a power coefficient of 0.21 which is approximately 80 percent
of the design power coefficient of 0.26. Note that the characteristic
difference in thrust distribution levels between the right and left sur-
vey due to inclination of the thrust axils is also evident in the temp-
erature distribution curves. There is also an effect of the large
60° spherical spinner in the inboard part of the temperature distribu-~
tions. The temperature distributions with propeller removed and dummy
spinner on are shown in flgure L.

Because of the uncertainty in applying tare curves for both total
pressure and temperature distributions, the section power and thrust
values are calculated only for values of xs2 from 0.6 on. From these

values of thrust and power the section efficiencies can be calculated.
Distribution of section thrust, power, and "section efficlency for val-
ues of xg2 from 0.6 to 1.0 are shown in figure 11 for a range of Mach
numbers to 0.9. The power distributions were shifted inboard by a value
of xg2 of 0.05 to account for the difference in the position of the
fuselage side at the two survey planes. In the extreme outboard range
there may still be some misalinement as in thils region the slope of the
total-pressure rise and temperature rise is high, and a small radial
shift can cause an appreciable change in value of section efficiency.

The values of section efficiency agree well wlth theoretical values
obtained by using calculated values of maximum 1ift-drag ratio. For
example, at a forward Mach number of 0.9, the section Mach number at
xg2 of 0.8 is Mach number 1.5. For this Mach number a meximum 1ift-
drag ratio of 11 is caleculated for a section having a thickness ratlo
of 2 percent. This value of lift-drag ratio produces a section effi-
ciency cf 835 percent. The measured value of section efficiency is
82 percent as shown in figure 8. Figure 11(g) shows, however, that an
efficiency of 835 percent was attained at a value of xg2 of 0.85. Con-
sequently, the experimental wvalues of section efficiency tend to bear
out theoretically calculated values and these values, in general, show
high efficiency at high subsonic forward Mach numbers.

CONCLUDING REMARKS

Flight tests on a2 supersonic-type propeller designed for a forward
Mach number of 0.95, advance ratio of 2.2, and power coefficient of 0.26
show good section efficiencies. A maximum section efficiency of 83 per-
cent was measured at a forwerd Mach number of 0.9. Thrust distributions
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over a range of Mach numbers to 0.9 are smooth and uniform; such dis-
tributions are indicative of efficlent operation. The section effi-
ciencies reported herein verify theoretical calculations.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., September 20, 1955.
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RAKE STATION LOCATIONS

NACA RM 155121

[Total and static pressure probes at all stations ]

izgzign rg, in. (rS/R)2 Thermometer
1 23.30 0.291
2 2k .50 .322 b
3 27.%0 Lo2
i 29.20 A57 X
5 31.00 515
6 32.00 549 X
T 3k .10 623
8 35,60 679 X
10 38.40 «T90 b4
11 39.70 845
12 41..00 .901 X
13 h2.30 959
1k 43,50 1.01h X
15 k4 .70 1.071L
16 45.80 1.124 X
17 46.90 1.179
18 48.00 1.235 X
19 50.00 1.340
20 51.50 lL.h21 X
21 53.50 1.534
22 55.50 1.651
235 57.50 1.772
Location of fuselage side r, in. (rs/R)2
At line of pressure probes 20.9 0.2%35
At line of thermometers 23.9 283
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Figure 8.- Section efficiency, advance ratio, and tip Mach number for
geveral values of forward Mach number for the test propelier. Values

2 _
of 7' are for x, = 0.8.



NACA RM L55I21 \
60
pd ~.
/- A
40 / e S s g

ﬂltk

Fuselage side =——t——

20 74/ ,
/
f
ll

AH, b/sq ft
o

o)

o
(o]
Fo—]
\h:':i;—\
le

S —
\

_40 7

——

-60

T = .
e
—
~

——O—— Right survey

——-1F+—— Leftsurvey

(a) M = 0.60.

21

Figure 9.- Distribution of total-pressure rise measured in the propeller
Propellier and 60° spherical spinner on propeller research

slipstream.
vehicle.



22

60

40

20

AH, Ib/sq ft
(o]

-20

-40

-60

NACA RM L55121

Fuselage side ——

i il baddiiid badnaanlind Insdianind

——0O—— Right survey

— — {1 —— Leftsurvey

(p) M = 0.65.

Figure 9.- Continued.



NACA RM L55I21 -
60
I L -O—C—
l HO—OA
-8- /)/ o ‘T\(\
g f T ™o
o \
| 2 =

AH | 1b/sq ft

/ /] \
20 { // A

C Tare

/ 3
I
-20 !

7
|
,/ ——O———— Rughi survey

—— 1 — — Left survey

(e) M = 0.70.

Figure 9.- Continued.

23




2k

AH, Ib/sq ft

S NACA RM L55I21
60
! Y M
[sb]
40 | 5 Oj/ TRy
[<b] D‘ S
& (/ ug o ‘R
© g \
| @ I
@ / — \
}7—
20 / =
f \]
!
1 {' T T
;D
0 4O ‘{}CJL D-q
”~
| f—— Tare
J/[JfL
d
-20 7
[}
N -
‘Tt
,;5/ ,
f
-40 I }
!
!l
i) |
Ag ——O—— Right survey
~60 — — —}—~ Left survey
]
-80
.2 .4 6 8 1.0 |2

)5

(a) M = 0.75.

Figure G.- Continued.



NACA RM L55I2)

AH, Ib/sq ft

§0

40

20

-20

—60

Figure 9.- Continued.

N 25
3 [ o—~o0—
§ /,O/O
= ’I—_‘D‘-[-:I— \
3 Pug TT~
3 o R
jug
! \
/ | %
, A1
" %
/ N
/ 0L Byl
(S HVAR -
! \
! I’ ! Tare
/
t / ;
SN
/
(_J)\ !
! ——O—— Right survey
l’ ——-_1}—— Leftsurvey
I
T
I
I
PN
.2 .4 6 .8 1.0 .2
x g2
(e} M = 0.80.



> - NACA RM L55I21

26
60
40 [ & o= N
% p/ o o-h
- ;—/D T |
?{ v
I \
20 = \
=l
‘ E
£ -
= /] )
5 o L St =a!
- E(‘h: Tare
< / i
|
/
-20 [ I
[
' N
f
-40 /
W
!
/
60 ———(CO—— Right survey
—— ———— Left survey
i
—-80
.2 .4 .6 8 10 =4
xg 2

() M =0.85.

Figure 9.- Continued.
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Figure 10.~ Distribution of total-temperature rise measured in the propeller
slipstream. Propeller and 60° spherical spinner on the propeller reseerch
vehicle.
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Figure 11.- Distribution of section thrust and power, and section effi-
ciency, for the propeller.
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